Although the photosynthetic reaction center is well conserved among different cyanobacterial species, the modes of metabolism, e.g. respiratory, nitrogen and carbon metabolism and their mutual interaction, are quite diverse. To explore such uniformity and diversity among cyanobacteria, here we compare the influence of the light environment on the condition of photosynthetic electron transport through Chl fluorescence measurement of six cyanobacterial species grown under the same photon flux densities and at the same temperature. In the dark or under weak light, up to growth light, a large difference in the plastoquinone (PQ) redox condition was observed among different cyanobacterial species. The observed difference indicates that the degree of interaction between respiratory electron transfer and photosynthetic electron transfer differs among different cyanobacterial species. The variation could not be ascribed to the phylogenetic differences but possibly to the light environment of the original habitat. On the other hand, changes in the redox condition of PQ were essentially identical among different species at photon flux densities higher than the growth light. We further analyzed the response to high light by using a typical energy allocation model and found that 'non-regulated' thermal dissipation was increased under high-light conditions in all cyanobacterial species tested. We assume that such 'non-regulated' thermal dissipation may be an important 'regulatory' mechanism in the acclimation of cyanobacterial cells to high-light conditions.
Introduction
Cyanobacteria are the first life form performing oxygenic photosynthesis and are the evolutionary origin of the chloroplast in plants. Although the photosynthetic machinery of photosynthetic reaction center complexes is almost identical between cyanobacteria and chloroplasts, metabolic interaction of photosynthesis with other cellular processes is fundamentally different. As a photosynthetic prokaryote, cyanobacteria do not have organelles and all the metabolic pathways could directly interact with one another. In particular, photosynthetic electron transport and respiratory electron transport shared several electron transfer components such as plastoquinone (PQ), the Cyt b 6 /f complex and Cyt c (Aoki and Katoh 1982, Peschek and Schmetterer 1982) . This direct interaction between photosynthesis and respiration makes cyanobacterial photosynthesis different from photosynthesis of land plants. In the case of land plants, the PQ pool is oxidized in the dark, and gradually reduced along with the elevation in photon flux densities (PFDs). In the case of cyanobacteria, however, the PQ pool is already reduced in the dark due to respiratory electron transfer (Mullineaux and Allen 1986 , Campbell and Ö quist 1996 . Low light illumination oxidizes, not reduces, the PQ pool in the case of cyanobacteria Ö quist 1996, Campbell et al. 1998) . A further increase in the PFD reduces the PQ pool again.
The PQ pool is one of the regulatory sites of photosynthetic electron transfer and energy dissipation. The redox state of the PQ pool or neighboring electron carriers is known to regulate state transition both in land plants and in cyanobacteria. Light energy absorbed by the PSII antenna complex may be directed either to the PSII reaction center complex or to the PSI reaction center complex, depending on the redox state of the PQ pool during the process of state transitions, both in land plants and in cyanobacteria. There are at least two different mechanisms in cyanobacterial state transition. In low-light-acclimated cells of cyanobacteria, the RpaC-dependent state transition is induced to maximize the efficiency of photosynthesis (Emlyn-Jones et al. 1999) . On the other hand, the PsaK2-dependent state transition is induced to avoid photoinhibitory damage in high-lightacclimated cells (Fujimori et al. 2005) . State transition seems to have a protective role in addition to a regulatory role in land plants too (Bellafiore et al. 2005) .
Plant Cell Physiol. 57(7): 1510-1517 (2016) doi:10.1093/pcp/pcv185, Advance Access publication on 28 December 2015, available online at www.pcp.oxfordjournals.org ! The Author 2015. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/ licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com Since redirection of light energy to PSI decreases the yield of fluorescence from PSII, the state transition could be viewed as the quenching of Chl fluorescence. The origin of such quenching is also different between land plants and cyanobacteria. In the case of land plants, the most conspicuous non-photochemical quenching (NPQ) is energy-dependent quenching (qE) due to the xanthophyll cycle, which plays an important protective role in avoiding photoinhibitory damage (Demmig-Adams and Adams 1996). qE could be distinguished from the quenching due to state transition (qT) or that due to photoinhibition (qI) by the rate of recovery from quenching in the dark (Quick and Stitt 1989, Krause and Weis 1991) . The situation is somewhat different in algae, which have a very diverse antenna system for photosynthesis. Different algal group might have different mechanisms of qE (Goss and Lepetit 2015) . Even within one class of green algae (e.g. Trebouxiophyceae or Chlorophyceae), the existence of the different mechanisms in qE among species has been implied (Quaas et al. 2015) .
On the other hand, the mechanism of cyanobacterial NPQ is totally different from that of land plants and algae. Cyanobacteria do not have a xanthophyll cycle (Stransky and Hager 1970) and NPQ is mainly ascribed to state transition (Campbell and Ö quist 1996) . Under strong blue light conditions, orange carotenoid protein (OCP) could dissipate excess energy in the phycobilisome antenna to protect the machinery of the photosystem (Kirilovsky 2007) . However, the division of roles between state transition and OCP in protection from photoinhibitory damage has not been examined.
Although the photosynthetic reaction center is well conserved among different cyanobacterial species, the modes of metabolism and their mutual interaction are quite diverse. There are few studies comparing the interaction of photosynthesis and other metabolic pathways or light energy dissipation among different species of cyanobacteria grown under certain conditions. Here we examined the effect of respiration of photosynthetic electron transfer and energy dissipation in six cyanobacterial species using Chl fluorescence measurements. We found that the redox state of the PQ pool in the dark is totally different among different cyanobacterial species. Furthermore, the correlation between the redox state of PQ and the yield of energy dissipation in the dark to the growth light range is different from that in growth light to the high light range. Apparently, some process of energy dissipation was induced only under high-light conditions. The results obtained here demonstrate species differences in the redox state and species commonality in energy dissipation in cyanobacteria.
Results
Since photosynthetic electron transport and respiratory electron transport in cyanobacteria share several components such as PQ (Aoki and Katoh 1982, Peschek and Schmetterer 1982) , the PQ pool is not oxidized in the dark due to electron flow from respiratory NADPH dehydrogenase (NDH) complexes to the PQ pool (Mi et al. 1992 , Mi et al. 1994 , Ogawa et al. 2013 . The reduced PQ pool brings cyanobacterial cells into State 2 in the dark, decreasing fluorescence yield. This decrease of fluorescence yield is clearly observed in Fig. 1 , in which the result of quenching analysis of Anabaena sp. PCC 7120 is shown. The level of maximum fluorescence of the dark-acclimated cells upon a saturating pulse (Fig. 1, closed (Fig. 1) .
This change in the levels of F m 0 reflects the change in the NPQ of Chl fluorescence. È NPQ , a parameter which represents non-photochemical quenching by regulated thermal dissipation, was high in the dark in the case of Anabaena sp. but decreased around the growth light PFD and increased again under higher PFD, giving a concave dependence on actinic PFD (Fig. 2 , filled circles; see also Campbell and Ö quist 1996) . Very similar tendencies were observed in Nostoc sp. HK-01 (filled triangles) and Synechocystis sp. PCC6803 (open circles). Arthrospira platensis NIES-39 (open triangles) also showed a more or less similar tendency, but Nostoc punctiforme ATCC29133 (red circles) and Acaryochloris marina MBIC11017 (red triangles) showed a rather linear dependence starting at a low NPQ in the dark (i.e. no actinic light). Apparently, the levels of NPQ under high actinic PFD are similar among cyanobacterial species, while those under low PFD are variable depending on the species. Cyanobacterial NPQ is ascribed either to state transition Allen 1990, Campbell and Ö quist 1996) or to thermal dissipation by OCP (Kirilovsky 2007) . Since red light from a light-emitting diode (LED; peak at 660 nm) was used here for actinic light, it is not necessary to take the involvement of OCP into consideration. To explore the relationship between state transition and NPQ in the dark, the index of State 2 in the dark was estimated from the relative peak height of the Chl fluorescence spectra determined at 77 K. È NPQ in the dark showed a linear correlation with the index of State 2 in the dark among five cyanobacterial species (Fig. 3) . A. marina was omitted from this figure, since the presence of Chl d in this organism makes the comparison with other species difficult. The result obtained here indicates that the difference in the state transition is the cause of the variation in NPQ among the species. That, in turn, suggests that the redox condition of the PQ pool in the dark is different among the cyanobacterial species.
We next examined the relationship between the È NPQ and qP, another parameter representing the redox state of the PQ pool, during the course of increasing actinic light in six cyanobacterial species to examine the resulting change in È NPQ (Fig. 4) . Apparently, the overall relationship was not linear in Anabaena sp. (filled circles), Nostoc sp. HK-01 (filled triangles) and A. platensis . From darkness to the growth light condition, the increase of qP (i.e. oxidation of the PQ pool) accompanied the decrease of È NPQ (i.e. transition to State 1) in these three cyanobacterial species. From growth light to the high-light condition, however, qP decreased again accompanying the increase of the È NPQ but with a different slope. As a result, the overall relationship showed a V-shape consisting of two lines with different slopes. In the case of Synechocystis sp. PCC6803, the increase in qP was not apparent (open circles). As for the other two cyanobacterial species, i.e. N. punctiforme ATCC29133 (red circles) and A. marina MBIC11017 (red triangles), the data point obtained in the dark is already near the bottom of the V-shape, and the monotonic increase of È NPQ accompanied the decrease of qP, representing only a half of the V-shape. It must be noted, however, that the data points of all the six cyanobacterial species were located more or less on the same letter V. Since cyanobacterial È NPQ is mainly attributed to state transition that is induced by the reduction of the PQ pool, the result indicates that the mechanism of the change in È NPQ is different between from darkness to growth light conditions and from growth light to high-light conditions. Thus, the qP-È NPQ plot in Fig. 4 clearly indicates that the increase of È NPQ under high light is not the simple reversal of the decrease of È NPQ by the growth light illumination. We selected two cyanobacterial species that showed the typical V-shape pattern in Fig. 4 for further analysis, and examined the relationship between È NPQ and È PSII , a parameter representing the quantum yield of electron transfer through PSII (Fig. 5) . Together with È f, D , a parameter representing non-regulated thermal dissipation, allocation of the absorbed energy could be analyzed here, since the sum of È NPQ , È PSII and È f, D is unity. Both Anabaena sp. PCC7120 (Fig. 5, filled circles) and A. platensis NIES-39 (Fig. 5, open triangles) showed a clear V-shape pattern. However, they are not on the same letter V but rather are slightly shifted relative to one another. Two straight lines in Fig. 5 are drawn under the condition where the sum of È NPQ and È PSII is constant (i.e. È f, D is constant) and passing the respective co-ordinate (È NPQ = 0, È PSII = F v /F m ) for the respective cyanobacterial species. Apparently, the change in the first half of the V-shape pattern, i.e. the change from the dark-acclimated state to the growth light condition, fitted well to the lines of the È f, D constant, and the shift of the letter V was well explained by the difference in F v /F m between Anabaena sp. PCC 7120 and A. platensis NIES-39 (Table 1) . Two lines of È NPQ + È PSII = F v /F m , i.e. È NPQ + È PSII = 0.575 for Anabaena sp. PCC7120 and È NPQ + È PSII = 0.642 for A. platensis NIES-39, represent the data points well. Thus, this part of the lines could be explained by the oxidation of the PQ pool that, in turn, triggers the state transition without any change in nonregulated heat dissipation. On the other hand, the change in the second half of the V-shape pattern, i.e. the change from growth light to high light, showed a different slope and could not be explained by the lines of the È f, D constant.
Finally, the cause of the difference in F v /F m among cyanobacterial species was examined. F v /F m values showed some variation dependent on the cyanobacterial species ( Table 1) (Table 1) , since the cells were locked in State 1 in the presence of DCMU. F v /F m is well known to be a parameter representing the maximum quantum yield of PSII but was reported to be affected by the cellular content of phycobiline (Campbell et al. 1998) . We determined the absorbance spectra of intact cells (Fig. 6) to calculate the phycocyanin (PC)/Chl ratio for the six cyanobacterial species. When the correlation between F v /F m and the PC/Chl ratio was plotted, a negative correlation was observed (Fig. 7) , suggesting the variation of the PC content as the cause of the difference in F v /F m . In other words, although the six cyanobacteria were grown at the same temperature and the same PFD, the pigment composition ratio was different among the species and the variation in the pigment composition among the species caused the species difference of F v /F m .
Discussion

Cyanobacterial diversity observed in the PQ reduction in the dark
It is well known that the PQ pool is mostly reduced in darkacclimated cells of cyanobacteria (Campbell et al. 1998) , which is quite different from the case of land plants. Apparently, such a dark reduction of the PQ pool is not observed in all cyanobacterial species. Among the six cyanobacterial species examined in this study, the PQ pool was reduced to different extents in four species but it is oxidized in the dark-acclimated cells of N. punctiforme ATCC29133 and A. marina MBIC11017. All the cells are grown at the same temperature and under the same PFD, so the difference among species could not be ascribed to the difference in growth conditions, but to the intrinsic nature of the cyanobacterial species. Since the two Nostoc species, Nostoc punctiforme ATCC29133 and Nostoc sp. HK-01, showed totally different redox conditions of their PQ pool in the dark, the diversity could not be explained solely by phylogenetic factors. Nostoc punctiforme ATCC29133 was first isolated as a symbiont from a root of a gymnosperm cycad in Australia (Rippka and Herdman 1992) . A. marina MBIC11017, another cyanobacterium with an oxidized PQ pool in the dark, was also originally isolated from inside of an ascidian in Palau (Miyashita et al. 1996) . The light environments of the original habitats of these cyanobacteria should be rather weak, and adaptation to such environments may be the evolutionary cause of the PQ pool characteristics. The life style as a symbiont may be also considered as the cause of PQ oxidation in the dark, but it is difficult to assume such a concrete connection between them.
As for the actual mechanism of the variation in the redox condition of the PQ pool, there are three possibilities: first, the redox state of the cytosol may affect the condition of the PQ pool. For example, Mi et al. (1994) showed that dark-starved cells of Synechocystis sp. PCC6803 had an oxidized PQ pool that might have resulted from starvation of the respiratory substrates in the cytosol. In our experiments, however, the cells were grown photoautotrophically under continuous light so that the concentration of respiratory substrates should not be particularly different among species. Secondly, the difference in the activities of the NDH complex upstream of the PQ pool may result in the variation in the PQ redox. Since the inactivation of the NDH complex resulted in the oxidation of the PQ pool (Ogawa et al. 2013) , the difference in the activity of the NDH complex would be a plausible candidate for the cause of the species difference of PQ redox. Thirdly, the difference in Cyt c oxidase (COX) activity in the dark may contribute to the variation in PQ redox. It was reported that Synechocystis sp. PCC6803 could grow heterotrophically in the dark when a mutation was introduced in the Cyt c M gene (Hiraide et al. 2014) . It was implied that Cyt c M would act as a negative regulator for COX activity in cyanobacteria lacking the ability to grow heterotrophically in the dark. In cyanobacteria with the ability to grow heterotrophically in the dark, e.g. N. punctiforme, COX activity would be kept relatively high in the dark, resulting in the oxidation of the PQ pool in the dark. The actual mechanism, however, should be tested in the near future.
Regulatory energy dissipation is not limited to NPQ in cyanobacteria
As discussed above, the PQ pool is in a reduced condition which could be monitored as a low qP level in the dark-acclimated cyanobacterial cells, and the PQ reduction induced the State 2 condition which could be monitored as high È NPQ . Upon the increase of actinic illumination, the PQ pool is gradually oxidized (i.e. qP is gradually increased), inducing transition to State Fig. 6 Absorption spectra of the intact cells of six cyanobacterial species in the growth medium. Each absorption spectrum was normalized at the peak height of the respective highest peak. Averages of spectra with three independent cultures are presented. 1 that could be monitored as the decrease in È NPQ . Until the actinic light reached the growth light level, the relationship between qP and È NPQ is linear, suggesting that this process is a simple state transition to State 1 induced by the oxidation of the PQ pool. No other energy dissipation process was induced under the growth condition, since È f, D was constant during this process. Although the initial levels of the PQ redox state in the dark varied among cyanobacterial species, the qP-È NPQ relationships and È PSII -È NPQ relationships were more or less similar, with the same slope between the dark condition and growth light condition. In this sense, Synechocystis sp. PCC 6803 is somewhat peculiar, showing a decrease in È NPQ in the dark to growth light transition without apparent PQ oxidation. A similar change was observed by Campbell et al. (1998) , but the mechanism of this change is unknown. Apparently, Synechocystis sp. PCC 6803 is not a typical cyanobacterium from the view of the relationship between PQ redox and state transition. The reverse change was observed in the range from the growth light to high light, i.e. the level of qP decreased while the level of È NPQ increased again. Although the change in this range could be partly attributed to the reverse transition to State 2 induced by the reduction of the PQ pool, the slope of the qP-È NPQ relationships (or È PSII -È NPQ relationships) was different from that in the range from the dark condition to the growth light condition. The relationship between È PSII and È NPQ indicates that È f, D was increased by high light together with the state transition induced by the reduction of the PQ pool. In many land plant species, the level of È f, D was reported to be relatively constant with a wide range of actinic PFD, and thus È f, D was regarded as 'non-regulatory' energy dissipation as fluorescence or as heat (Hendrickson et al. 2004 , Zhang et al. 2011 , Park 2013 . In cyanobacteria, however, an increase of È f, D was observed in all the species tested here, and the rates of the increase of È f, D (i.e. the slopes of the data lines in the È PSII -È NPQ relationships) were similar among species. Hendrickson et al. (2004) showed that È f, D in Vitis vinifera increased along with the increase of actinic light to 500 mmol m À2 s À1 at 25 C, but not at 10 C. Since È f, D decreased, not increased, in the higher actinic light range (750-2,000 mmol m À2 s À1 ) in their experiments, the mechanism of È f, D regulation in land plants would be different from the one in the cyanobacteria observed here. Judging from the full recovery of F m 0 in the dark within 5-10 min (Fig. 1) , significant photoinhibition was not induced by high light, which could be the cause of the apparent increase in È f, D . Furthermore, no persistent photoinhibition under the growth condition was induced, since the change in F v /F m was mostly explained by the change in PC contents. Thus, photoinhibition is not the cause of the increase in È f, D .
It was reported that a passive increase of È f, D under high light was observed in the M55 mutant of NDH-1 complexes, which is incapable of state transition . Similarly, an increase in È f, D was observed in the PsbS mutant of rice plants, which is deficient in some mechanism of NPQ (Ishida et al. 2011 , Ikeuchi et al. 2014 . These results may suggest that the increase in È f, D is induced in the absence of physiological energy dissipation. Since red actinic light was used in our study, OCP was not induced in our experimental conditions. Furthermore, the increase of È f, D was reported under strong blue light in the OCP deletion mutant of Synechocystis sp. PCC6803, resulting in the decrease of f NPQ but not in the change of È PSII (Kusama et al. 2015) . In our preliminary result, however, the V-shape relationship between È PSII and È NPQ was observed even when blue light was employed as actinic light. Unfortunately, blue light also acts as PSI light, resulting in oxidation of the PQ pool that complicated the interpretation of the results. The involvement of the OCP in the change of È f, D should be further explored in the near future. It should also be noted that we employed rather a high PFD (200 mmol m À2 s À1 ) for the growth light. It was reported that there are at least two types of state transition in cyanobacteria. PsaK2-dependent state transition was only induced in high-light-acclimated cells (Fujimori et al. 2005) , while RpaC-dependent state transition is functional under low-light conditions (Emlyn-Jones et al. 1999) . The lack of the RpaC-dependent state transition in highlight-acclimated cells may also bring about the increase of È f, D in the absence of physiological energy dissipation.
In any event, the mechanism of the induction of È f, D could not be ascribed solely to a passive increase, since the increase in È f, D was observed in the actinic light range where the induction of NPQ was not saturated. The increase of È f, D should lead to smaller energy allocation to photosynthetic electron transfer. Similarly to the case of NPQ, the induction of È f, D that has been defined as 'non-regulatory' in the past may also contribute to the protection of the photosynthetic machinery from photoinhibition. Alternatively, the increase in È f, D might protect PSI from photoinhibition that could be caused by the excessive electron flow from PSII. The observed increase in È f, D must be some regulatory mechanism or at least some acclimatory response generally observed in cyanobacteria.
Materials and Methods
Strains and growth conditions
Synechocystis sp. PCC6803, Anabaena sp. PCC7120, N. punctiforme ATCC29133, Nostoc sp. HK-01, A. platensis NIES-39 and A. marina MBIC11017 were grown at 30 C and bubbled with air under continuous illumination at 200 mmol m À2 s
À1
. Acaryochloris marina was grown in IMK medium in sea water (Nihon Pharmaceutical Co., Ltd.), A. platensis in SOT medium (Ogawa and Terui 1970) and the other species in BG-11 medium (Allen 1968) . Cells of all the strains, except for Nostoc sp. HK-01, were sampled in the logarithmic phase. In the case of Nostoc sp. HK-01, cells were in a more or less aggregated form so that we could not judge whether this species was in the logarithmic phase, at least not simply from the measurements of optical density of the cells at 750 nm. For optical measurements, we suspended the cells of Nostoc sp. HK-01 to make as uniform a suspension as possible.
Fluorometer measurements
Chl fluorescence was measured with a pulse-amplitude fluorometer (WATER-PAM; Waltz) as described earlier (Ogawa et al. 2013) . Cells in 2 ml of liquid culture were dark-adapted for 15 min and the minimum fluorescence level (F o ) was determined with a measuring light (peak at 650 nm). A 0.8 s flash of saturating light was given to determine F m 
Absorbance spectra
Absorbance spectra were determined with a spectrophotometer (V-650; JASCO) equipped with an integrating sphere (ISV-722; JASCO) as described previously (Ogawa et al. 2013 ) at room temperature. The absorbance of the cell suspension was determined in a cuvette with a light path length of 5 mm. Each absorbance spectrum was normalized at the maximum absorbance in the respective spectrum. PC and Chl content were calculated as [PC] = 138.5ÂA 620 -35.49ÂA 678 and [Chl a] = 14.97ÂA 678 -0.615ÂA 620 according to Arnon et al. (1974) .
K fluorescence emission spectra
77 K fluorescence emission spectra were determined with a fluorescence spectrometer (FP-8500; JASCO) with a low temperature attachment (PU-830; JASCO) as described earlier (Ogawa et al. 2013) . Cell suspensions of cyanobacterial strains were adjusted to a concentration of 2 mg Chl ml À1 in the respective growth medium. The Chl concentration was determined by extraction with 100% methanol according to Grimme and Boardman (1972) . Prior to the measurements, the cells were either dark-acclimated for 15 min or illuminated by using a light source (PICL-NRX, NIPPON P-I) in the presence of 10 mM DCMU for 4 min. The samples were excited by 625 nm light (excitation slit width at 10 nm) for PC excitation. The fluorescence spectra were recorded with a fluorescence slit width of 2.5 nm and resolution of 0.2 nm. The spectra were averaged for three independent cultures and corrected for the sensitivity of the photomultiplier and the spectrum of light source using a secondary standard light source (ESC-842; JASCO).
